Hyaluronan (hyaluronic acid) is a simple, non-antigenic, non-sulphated glycosaminoglycan (GAG) present everywhere in the extracellular compartments of the body. Noteworthy, it is highly conserved phylogenetically, from sauropsida to mammals; and plays a plethora of roles from embryonic/fetal development to adult physiological and pathological events, including tumor development. In reproduction, hyaluronan has proven related to initial events as sperm survival, build-up of the sperm reservoir in the oviduct, regulation of sperm capacitation and pre-fertilization to later participate in embryo, fetal and placental development. Synthesis, binding (via the CD44 membrane receptor) and degradation of hyaluronan occur in male and female genital organs, the oviduct being no exception. This review discusses our current knowledge on roles of this ubiquitous GAG on the survival of immunologically foreign spermatozoa in the pig oviduct, a relevant event for fertility. During pre-ovulatory storage in the functional tubal sperm reservoir, spermatozoa are entrapped in a mucus-like tubal fluid.
Introduction
Hyaluronan (hyaluronic acid) is a ubiquitous non-sulphated Glycosaminoglycan (GAG), built by an unbranched linear chain of repeating N-acetyl-D-glucosamine and D-glucuronic acid disaccharide units. Contrary to the other (sulphated)-GAGs, hyaluronan is not covalently attached to a protein core, thus lacking antigenicity. The latter can explain its wide distribution over animal classes. Hyaluronan displays, despite its simple structure, a surprising wide range of roles, physiological or pathological [1] . In either case, the major role is structural and related to the creation and filling up of extracellular matrixes [2] , including those of genital tissues or between the granulosa cells of the newly ovulated cumulus-oocyte-complex (COC, [3] ).
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Hyaluronan also associates with proteoglycans to form large aggregates, stabilized by hyaluronan-binding link proteins [4] . Hyaluronan thus regulates cell proliferation, migration and invasiveness, a matter of utmost relevance during inflammation, wound healing, tissue development or the formation and spreading of tumours [5] . Moreover, hyaluronan is able to control/modulate cell responses by acting as ligand to specific hyaluronan-membrane receptors [6] [7] [8] . Hyaluronan is phylogenetically well conserved and it has been localized in genital organs and their secretions, including the seminal plasma [9] [10] [11] [12] and the oviduct fluid (see [16] for a recent review of tubal studies in pigs). Most studies on these secretions have concerned their contents in proteins and glycoproteins (seminal fluid [13] , oviduct secretion [14, 15] ). In the tubal fluid, hyaluronan (and other GAGs) has been studied in relation to the sperm reservoir established after insemination, functional during the entire pre-and peri-ovulatory phase [16] .
In this tubal reservoir, spermatozoa are able to survive despite their obvious antigenic nature, with maintained fertilizing capacity until ovulation occurs, being continuously and sequentially delivered to encounter the newly ovulated oocytes [17] . This review discusses our current knowledge on the eventual roles of this ubiquitous GAG on the survival of immunologically foreign spermatozoa in the pig oviduct, a process of utmost importance for fertility in pigs.
Hyaluronan is everywhere, including in genital organs
Indeed is hyaluronan present in most tissues, and genital organs are not exception [18] . Both the connective tissue and the epithelia lining the lumen of the ducti epidydimides, the seminal vesicle, prostate and bulbourethral glands contain hyaluronan [9] . Moreover, hyaluronan was even localized in the luminal content of the sexual accessory glands, which obviously confirms the origin of the hyaluronan present in the seminal plasma [10] [11] [12] . Noteworthy, the levels of Hyaluronan is also clearly present in the female genital tract, in the endocervix and endometrium and particularly the muscular layers of the internal genital tract [19] [20] [21] . In the oviduct, hyaluronan is located in the connective tissue as well as in specific areas of the lining epithelium. In particular, hyaluronan is present in the deep mucosal furrows of the functional sperm reservoir [22, 23] areas where spermatozoa are stored during the pre-ovulatory stage of oestrus. Within this pre-ovulatory interval, the tubal lumen at the ad-uterine segment is clotted by a very conspicuous mucous oviductal fluid that virtually obliterates the narrow, quasi virtual tubal lumen [24, 25] . Such mucus contains the highest hyaluronan-levels recorded in the luminal fluid, concentrations that decrease after ovulations [22] , when the mucus appears more fluid [23] . Both hyaluronan synthase (Has3), hyaluronan-binding proteins (HABP) and specific membrane receptors (CD44) are also present in the epithelial lining, particularly in the tubal sperm reservoir [26, 27] , defining that hyaluronan production on-site occurs with an autocrine relation to the lining epithelia and -probably-the subjacent lamina propria.
The stored tubal spermatozoa and their relation to the tubal fluid
In the pig, most spermatozoa stored in the pre-ovulatory functional tubal sperm reservoir (e.g. the utero-tubal junction and the adjacent first caudal portion of the isthmus), are seemingly immotile and depict normal ultrastructure during the long pre-ovulation period [28, 29] . These spermatozoa remain in the pre-ovulatory functional sperm reservoir for most of the time of estrus and definitely do not readily migrate towards the infundibulum immediately after they are inseminated [29] . Moreover, far from all hereby stored spermatozoa contact the lining 18th ICAR-2016-S2. Pig reproduction Symp 5 epithelium, an axiom proposed by others (using in vitro methods) to be a prerequisite to their arrest in the pre-ovulatory functional sperm reservoir. In vivo, most spermatozoa simply remain embedded in the mucus-like tubal fluid [24] . Our own experimental evidence, obtained in vivo by way of the flushing of specific tubal segments at well-defined stages of standing oestrus (pre-, peri-or immediately post-spontaneous ovulation), indicated that most boar spermatozoa retained in the pre-ovulatory functional sperm reservoir during the period from 10-8 h before ovulation to 8-10 h after ovulation were not considered as undergoing capacitation (monitored via Merocyanine-540 loading) [23] , except for a significant increase (on the order of 10%) in the percentage of sperm capacitation after ovulation [30] . Thus, the conclusion was that the tubal fluid in the pre-ovulatory functional sperm reservoir delayed capacitation in vivo rather than promote it. In vitro, hyaluronan improves sperm motility in a dose-dependent manner [31, 32] . Hyaluronan has also been considered as a proper additive for cryopreservation, mostly owing to its stabilizing features on the plasma membrane [33] , or its capacity as an antioxidant [34, 35] . However, at doses similar to those found in the porcine oviduct fluid, exogenous hyaluronan does not appear effective for cryosurvival after conventional freezing [36] .
Hyaluronan also modulates sperm capacitation, either delaying [37] or preventing induction of capacitation patterns in vitro (as seen using a chlortetracycline [CTC] assay) e.g. without inducing acrosome exocytosis or cell death [38, 39] . The concerted evidence emanated from experimental findings, albeit without explanation of the mechanisms behind, all converse to conclude that immersion in hyaluronan-containing (tubal) fluid is beneficial for sperm survival, maybe simply delaying the permissive capacitation process [23, 40] . Further mechanistic studies are thus needed to discern how we can manipulate sperm stability using hyaluronan.
Spermatozoa interact with hyaluronan via the transmembrane receptor CD44
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Hyaluronan interacts with the surface of epithelial cells also via CD44 present on most epithelial cells including the pig pre-ovulatory functional sperm reservoir [26] , granulosa and cumulus cells [41] . CD44 is the most widely distributed and best characterized hyaluronanreceptor and thus considered as the major receptor on most cell types explored thus far [4] . CD44 acts as an adhesion receptor and can mediate rolling, attachment and migration of cells on a hyaluronan substratum. In addition, as has been demonstrated for all of the other major adhesion receptors, binding of ligand can result in CD44-mediated transduction of intracellular signals leading to changes in cell proliferation, survival and differentiation [7, 8, 42] . However, although most cell types express CD44, not all cells bind hyaluronan. Spermatozoa from human, boars or bulls contain CD44 in their plasma membrane [26, 43, 44] and should thus bind to tubal fluid hyaluronan as they do to solid state hyaluronan-depots (i.e. the PICSI Sperm Selection device, USA [45] ). This hyaluronan-binding method, used to define in vitro the degree of "normality" of single spermatozoa seems to trap only mature spermatozoa that are able to react with the hyaluronan and to depict high DNA integrity as well as some degree of hyperactivated-like motility pattern. Although the technique was primarily designed to select best spermatozoa for ICSI in human, it was later used for stallion spermatozoa [46] , those spermatozoa were not only mature but even had intact chromatin [47, 48] although being unselected for normal morphology [49] . The findings indicate a functionally-active, hyaluronan-adhesive form of CD44 that seems -indirectly-to exist in spermatozoa of several species. It is expected that more studies attempt to determine the crucial role of CD44 as a suitable receptor/marker for andrological diagnosis and fertility assurance.
Does hyaluronan influence the immune response to semen?
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Cancer cells promote a transition from homeostatic to a reactive, inflammatory remodeled surrounding extracellular matrix, including hyaluronan where hyaluronan fragments appear to be biologically active, of pro-inflammatory nature, activating signal pathways that promote survival of tumor cells, their migration and invasiveness [50, 51] . Hyaluronan is, however, highly dependent on the presence of CD44 in the cells, particularly in cancer stem cells, that survive immune attacks [52, 53] . Interestingly, hyaluronan has also shown capacity to induce pro-inflammatory and pro-fibrotic cytokines [54] , and to contribute to leukocyte recruitment from the blood circulation [55] , indicating an interacting role in immunological systems [56] .
Lipopolysaccharide (LPS) and some cytokines (as tumor necrosis factor, TNF) can induce formation of a hyaluronan-adhesive form of CD44 [57] . Such cell surface receptor CD44 is needed for polymorphonuclear leukocytes to interact and migrate on hyaluronan [58] .
As mentioned above, semen, and the seminal plasma in particular, contains measurable amounts of hyaluronan and spermatozoa bear the identifiable trans-membrane receptor CD44. Seminal plasma causes a transient inflammatory reaction in the cervix and uterus of pig (and other species, including human) that conveys to cleanse the lumen from foreign spermatozoa, other cells, microorganisms and seminal plasma proteins. That inflammation is caused by specific seminal plasma proteins (as PSP-I/II, [59] ) but also through the entry of seminal plasma-bearing pro-inflammatory cytokines [60] . At the same time, the boar seminal plasma also contains antiinflammatory cytokines [60] as well as it stimulates (in human, via E-type prostaglandins, [61] ) the production of cervical and uterine IL-10, a clearly anti-inflammatory cytokine. Such production of IL-10 is also induced from implants delivering hyaluronan [61] ). It is therefore tempting to speculate that the sperm survival we register in the pre-ovulatory oviductal functional sperm reservoir, where hyaluronan accumulates in the tubal fluid and specific segments of the lining epithelium, might relate to the non-antigenic nature of hyaluronan. Being 
Concluding remarks
The lumen of the pre-ovulatory functional sperm reservoir (in the utero-tubal junction-caudal isthmus) of oestrous pigs contains a mucus-like fluid in where spermatozoa are entrapped. Such fluid is rich in hyaluronan, which is also present (and synthesized) by the lining epithelium.
This fluid is not only building up the pre-ovulatory functional sperm reservoir, but also maintains sperm survival and delays destabilization processes at the plasmalemma i.e. sperm capacitation. Moreover, spermatozoa escape detection or attack by the female immune system while inside the oviductal lumen, tentatively by a hyaluronan coating that prevents detection of the immunologically foreign spermatozoa by the female immune system or by the presence of anti-inflammatory cytokines i.e. IL-10 either in the seminal plasma or produced by the oviduct.
This interplay would induce a process of female immune tolerance to the parental antigens present in spermatozoa or in the accompanying seminal plasma.
